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Summary
An investigation was made and a description given of the rheological properties of spheroplastics based on hollow glass microspheres and epoxy oligomers in generalised parameters of their particulate-filled structure.
It is shown that the main generalised parameters of the particulate-filled structure, determining the viscosity and fluidity limit, are the parameters a av and Θ, which depend on the packing of particles and their content in the composite. Dependences of viscosity and fluidity limit of particulate-filled polymer composites in generalised parameter coordinates are given for the first time, and the spheroplastics are classified according to the structural principle.
Spheroplastics are unique polymer composites that are widely used as fillers in the development of reinforced, lightweight materials of layered structure and specialpurpose articles.
Spheroplastics comprise particulate-filled polymer composites, the properties of which depend on their composition and structure, which is correctly described using generalised parameters [1] [2] [3] [4] [5] .
In the development of different technologies for the production of spheroplastics, semiproducts, and structural materials and articles, it is necessary to control the viscous characteristics of the particulate-filled polymer composites, creating solid, plastic, and low-viscosity liquid composites based on epoxy binders and hollow microspheres.
In this work, the rheological properties of dispersed systems based on bisphenol A epoxy oligomers with hollow glass microspheres were studied for various compositions, different packing of particles, and various generalised structural parameters.
The polymer binders for spheroplastics comprise bisphenol A epoxy oligomers of different molecular weight, molecular weight distribution (fractional composition), heterogeneity, and content of functional groups, and also their blends of different composition [6] [7] [8] [9] . As polymer binders, use was made of epoxy oligomers with different molecular characteristics and viscosities, of grades DER-332 and DER-330 (Dow Chemical, USA), ED-20, ED-16, and ED-8 (GOST 10587-84), and their blends.
The rheological properties of the epoxy oligomers and their blends are given elsewhere [10, 11] . The main characteristics of the initial epoxy oligomers are presented in Table 1 .
As the fillers for the production of spheroplastics with controlled rheological properties, we chose domestic hollow glass microspheres of grade MS-VP-A9 (TU 6-48-91-92 specifications) with an average particle diameter (d) of 54-74 µm and a density (r sph ) of 0.22-0.42 g/ cm 3 , dressed with γ-aminopropyltriethoxysilane (AGM-9).
Simonov-Emel'yanov et al. [8] give the main characteristics of domestic hollow glass microspheres of grades MS-VP-A9(1l), MS-VP-A9(2), MS-VP-A9(4), and MS-VP-A9(5) (TU 6-48-91-92) produced at OAO "NPO Stekloplastik", and also data from calculating the main and generalised structural parameters of spheroplastics.
The rheological, processing, and service properties of spheroplastics are determined by the polymer binder, the content of hollow glass microspheres, the process of structure formation in the filled disperse system, and its parameters [4-6, 14, 15] .
The main parameters for hollow glass microspheres, determining the structure formation in the epoxy oligomer + hollow glass microsphere (EO + HGMS) system, are the particle packing coefficient (k pack ) and the maximum filler content -parameter j max , which for hollow glass microspheres of different grades amounts to 0.53-0.64 vol. fractions.
With compaction under pressure and deformation during processing, when the critical pressure (P crit ) is exceeded, the hollow glass microspheres may break up (Figure 1 ), which must be taken into account when conducting experiments and developing spheroplastics.
With increase in the apparent density of the hollow glass microspheres from 0.22 to 0.42 g/cm 3 , P crit increases from 1.0 to 8.5 MPa [13] .
To determine the compositions of particulate-filled polymer composites belonging to various groups of materials [4] [5] [6] [13] [14] [15] Table 2 , by way of example, gives calculated parameters of the phase structure of an epoxy spheroplastic containing hollow glass microspheres with a particle diameter of 54 µm and with j max = 0.64 vol. fractions, and also their classification according to the structural principle (according to the value of the generalised parameter Θ). Similar calculations were conducted for all grades of domestic hollow glass microspheres and spheroplastics.
Calculation of the generalised structural parameters of the spheroplastics made it possible, using the main positions of de Gennes lattice models [17] and percolation theory, to determine their compositions, to conduct classification according to the structural principle, and to divide the materials into five main groups (see Table 2 ).
The compositions of the spheroplastics in generalised structural parameters are given in Table 2 , which, from the condition of solidity, can be calculated as j f +j p = 1 or, when j f = j max , as j max + j p = 1; the content of polymer binder when j f = j max will be equal to j p = 1 − j max , and when j f < j max it will amount to j p = (1 − j max ) + (j max − j f ), or in generalised parameters j p = Θ + B + M, and then for the particulate-filled polymer composite j f + (Θ + B + M) = 1, and when j f = j max , j f + (B + M) = 1. Taking into account that the various structural elements of the polymer binder (Θ, B, and M) play different roles in processes of structural formation, deformation (flow), and formation of the properties of the particulate-filled polymer composite, it is necessary, during their building with the required level of characteristics, to vary their ratio. We must distinguish the compositions of the particulate-filled polymer composites at characteristic points with coordination numbers Z = 1, 2, 3, 4, 5, and 6 and accordingly a packing coefficient of 0.076-0.64 vol. fractions, at which a gradual transition of the disperse system is observed from an infinite cluster to a facecentred cubic packing and to the formation of a quasicontinuous skeleton within the particulate-filled polymer composite of rigid particles of disperse filler.
For disperse fillers with a particle size of <10 µm, the value of parameter M at all concentrations does not exceed 1-5 vol%, and it can be ignored in calculations.
The rheological characteristics, the selection of the method, and the processing regimes of the spheroplastics depend considerably on the generalised structural parameters of the particulate-filled polymer composite -a av and Θ -which was shown earlier for epoxy composites filled with ShSO-grade glass beads [18] .
As established elsewhere [4-6, 14, 15] , only by using generalised structural parameters is it possible to calculate and to predict correctly the compositions and processing properties of particulate-filled polymer composites, at the same time taking into account the content, packing, shape, and diameter of the filler particles, and also the formation of a boundary layer of prescribed thickness (δ).
The introduction of hollow glass microspheres in a quantity up to j max = 64 vol% into epoxy binders leads to an increase in the viscosity and improves the processability of the filled composites. Figure 2 gives the dependence of the relative viscosity (h rel ) of ED-20 on the content of hollow glass microspheres for the case of grade MS-VP-A9(4) with a density of 0.3 g/cm 3 
).
When hollow glass microspheres are introduced into ED-20 in a quantity of up to ~34 vol%, the system behaves practically as a Newtonian fluid and possesses low viscosity, which is independent of the shear rate. This correlates well with the structural parameters, the coordination number of 4, and the packing density of 0.34 presented in Table 2 . With a content of hollow glass microspheres in spheroplastics of less than 16 vol%, separation of the components into layers may occur, with the formation of an upper layer of light, hollow microspheres and a lower layer of epoxy matrix, which can be used in the development of original layered structures of filled materials.
Increase in the content of hollow glass microspheres to over 34 vol% leads to the formation of a quasi-continuous volume skeleton of hollow glass microspheres, to a sharp increase in viscosity, and to a dependence of viscosity on shear rate (Figure 2) , and the system begins to exhibit pseudoplastic properties.
It was established that, during deformation of highly filled systems with a content of hollow glass microspheres of over 34 vol%, under the action of shear stresses, rearrangement of the structure occurs, and selforganisation of the spherical particles is observed [18] .
The relationships shown in Figure 2 for the viscosity of spheroplastics take into account only the content of hollow glass microspheres (j f ), and with change in the initial parameters of the filler (diameter, shape, packing of particles, and j max ) and accordingly in the structure of the spheroplastics, changes will occur in their properties. In view of this, it is more correct, for description of the structure, composition, and properties of the spheroplastics, to use the generalised parameters of the particulate-filled polymer composites (a av and Θ). 
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The average distance between particles (a av ) and the thickness of the polymer interlayer (δ) between particles decrease with increase in the filler content and reduction in the diameter of the particles, and also depend on the packing. To allow for the influence of the particle diameter on the structure of the particulate-filled structure, use is made of the parameter a av /d, which, as shown by Ponomareva et al. [19] , makes it possible to reduce the dependences of a av on j f obtained for various particle diameters to a single curve. With a particle diameter of >10 µm and a value of parameter M of <0.01 vol. fractions, the dependence a av /d = f(j f ) is determined practically only by the parameter [(j max /j f ) 1/3 − 1].
With transition of the spheroplastics to a quasicontinuous structure of disperse particles with Θ ≤ 0.45 vol. fractions, the value of parameter a av /d amounts to ~0.5, which correlates well with the change in the physicomechanical properties given by Ponomareva et al. [19] .
The parameter a av takes no account, for polyfractional fillers, of the curve of particle size distribution or the fraction M, and does not make it possible to calculate a av for special compositions with dense particle packing. Simonov-Emel'yanov et al. [4] proposed that the properties of disperse systems be described as a function of the generalised parameter Θ, which is proportional to the change in a av and physically practically coincides with it, and the viscosity curves change similarly (Figure 3) . Figure 3b gives the dependences of h rel on the generalised parameter Θ of particulate-filled polymer composites, which were plotted with allowance for the content, packing, shape, and diameter of the particles, and also the formation of a boundary layer of specified thickness (δ).
As can be seen from the dependences obtained, the relative viscosity of the spheroplastics has low values at Θ ≥ 0.45 vol. fractions, while at Θ ≤ 0.45 vol. fractions (with B ≈ 0.20 vol. fractions and M ≈ 0.00 vol. fractions) a dependence of viscosity on shear rate appears at a hollow glass microsphere content of ~34 vol% and corresponds to the formation of a quasi-continuous cluster within the system. Thus, for hollow glass microspheres with j max = 0.64 vol. fractions, the established parameters for particulate-filled polymer composites (Θ = 0.45 vol. fractions and j f = 34 vol%) are similar to theoretical values of the formation of a continuous cluster of disperse spherical particles within the filled material, according to the de Gennes model and percolation theory [17] .
With change in the packing (j max ) and in the diameter of the filler particles, the generalised parameters of particulate-filled polymer composites for the formation of a continuous skeleton (Θ = 0.45 vol. fractions and j f = 34 vol%) will be achieved with other values of the filler particle content.
To control parameter j max and increase the maximum content of hollow glass microspheres in the spheroplastics, use is made of so-called dense filler compositions, which can be calculated by continuous or interrupted granulometry [20] . Parameter j max for such fillers may reach over 90 vol%. For hollow glass microspheres of different fractions, a dense composition with j max = 0.80 vol. fractions was calculated and obtained experimentally. With increase in j max from 0.64 to 0.80 vol. fractions, there is an increase in the extent of the region of low viscosity (Newtonian) of the particulate-filled polymer composite when hollow glass microspheres are introduced, and the rheological curves are displaced into (2) the region of larger concentrations (Figure 4 
has a negligible effect on their rheological characteristics, while in the region of larger concentrations (j f → j max ) its effect increases. Thus, with a content of 0.5 vol.% HGMS with j max = 0.64 vol. fractions, the viscosity of the system increases 100-fold, and its processing presents greater difficulties, whereas with the same content of hollow glass microspheres with j max = 0.80 vol. fractions, the viscosity increases fivefold in total, and the composite has good processability. The reverse effect is observed when parameter j max is reduced, which makes it possible to vary the viscosity of particulate-filled systems in a wide range. Similar data have been given for epoxy oligomers using natural mineral fillers with known main parameters. Figure 5a shows the dependence h rel = f(Θ) plotted in double logarithmic coordinates lg h rel -lg Θ, which comprises a linear function at Θ < 0.45 vol. fractions (j f < 34 vol%), and then a divergence of the curves is observed, associated with self-organisation (rearrangement) of the structure during deformation and with increase in the value of j max from 0.64 to 0.68 vol. fractions.
The dependences obtained, in the entire range of contents of hollow glass microspheres, can be described as:
where n and m are coefficients depending on the rate of shear and on the self-organisation of the structure of the filler particles.
With account taken of the self-organisation of the filler at high values of j f and increase in parameter j max to 0.68 vol. fractions, the dependence of lg h rel on lg Θ (Figure 5b ) for all shear rates can be described by a linear function in the entire range of contents of hollow glass microspheres:
where n is a coefficient (the slope tangent of the curve).
For the given dependence, the value of coefficient n is 2.6.
The dependence of the relative viscosity of the particulate-filled systems on the generalised parameter Θ can be described using the proposed formula: where k and m are coefficients that depend on the shear rate: k ≈ 1.0-1.2 and m ≈ 1.9-2.3.
Thus, it is possible to calculate the compositions and to predict the rheological properties of spheroplastics or other particulate-filled polymer composites with all filler contents and with known values of j max and also generalised structural parameters (Θ).
For all particulate-filled systems, the percolation points and the characteristic properties can be predicted correctly only from the generalised parameter Θ. Setting the required value of parameter Θ and determining the filler content with a known value of parameter j max , it is possible purposefully to control the rheological and service properties of particulate-filled polymer composites.
It was established experimentally that, starting with a certain content of hollow glass microspheres in the epoxy oligomer and a certain parameter Θ with prescribed j max , the system (medium filled) exhibits plastic properties and possesses a fluidity limit (t lim ) that can be described using Casson's equation [21] :
Figures 6a and b give the dependences of the fluidity limit of the epoxy oligomer on the content of hollow glass microspheres ( Figure 6a ) and parameter Θ (Figure 6b ). For EO + HGMS systems, the fluidity limit begins to appear at Θ ≈ 0.75 vol. fractions (at 16 vol%, the first plane cluster is formed from hollow glass microspheres, Z = 2) and increases sharply at Θ > 0.45 vol. fractions (at 34 vol%, a bulky cluster of particles is formed, Z = 4) of filler with j max = 0.64 vol. fractions [17] . The inflection of the curve in double logarithmic coordinates (Figure 6a ) corresponds to the transition of the spheroplastics from medium filled to highly filled. The dependence of the fluidity limit of ED-20 + HGMS (16-64 vol%) on the generalised parameter Θ can be described as:
The dependence of the fluidity limit of particulate-filled polymer composites on the generalised parameter Θ can be described by the equation:
where k 1 
Thus, when 16 vol% HGMS is introduced, a fluidity limit appears in the system (Θ ≤ 0.75 vol. fractions), and it increases sharply at j f > 34 vol% with j max = 0.64 vol. fractions (at Θ ≤ 0.45 vol. fractions, B = 0.20 and M = 0.0 vol. fractions, a av ≈ 24 µm, and a av /d = 0.5).
All the investigated systems based on epoxy oligomers and hollow glass microspheres with different j max (from 0.58 to 0.64 vol. fractions) are characterised by the appearance of pseudoplastic properties and a fluidity limit at Θ = 0.75-0.45 vol. fractions, which must be taken into account when organising the processing of spheroplastic.
The description given in this paper of the structure of spheroplastics in generalised parameters makes it possible to predict their compositions and processing properties with different contents, packing, shapes, and diameters of the HGMS particles and boundary layer thicknesses, and also to compare the characteristics of different particulate-filled materials with different fillers with constant values of the generalised parameter Θ.
Depending on the viscosity of the polymer binder and the composition and generalised structural parameters of the hollow glass microspheres, the spheroplastics can be processed by different methods, for example spheroplastics that are dilute and have a low degree of filling (Θ ≈ 0.75-0.45 vol%, B ≈ 0.1-0.20 and M = 0.0 vol. fractions, a av ≈ 24-63 µm, and a av /d = 0.5-1.2) can be processed by casting.
Thus, calculation of the generalised parameters makes it possible to describe the particulate-filled system correctly, to determine by the structural principle the group to which the material belongs, to control the rheological characteristics purposefully, to create solid spheroplastics with prescribed rheological and physicomechanical properties, and to select the optimum method for their processing. 
